two enzymes of gramicidin S biosynthesis were studied during continuous culture of Bacillus brevis. Gramicidin S synthetases I and I1 were produced in the chemostat under carbon, nitrogen, phosphorus or sulphur limitation. The growth rate, rather than the nature of the limitation, was the major controlling factor in regulating the level of the gramicidin S synthetases. Synthetase production was low at high dilution rates (0.45 to 0.50 h-l) but increased as the dilution rate was lowered. The highest specific activities occurred at dilution rates that were different for each type of limitation: 0.40 h-l for nitrogen, 0.32 h-I for carbon, 0.24 h-I for sulphur and 0.20 h-l for phosphorus. Phosphorus limitation gave the highest specific activities. At low dilution rates (0.10 to 0.15 h-l), enzyme activities were again low. Sporulation occurred under carbon limitation, but at a lower dilution rate than that which supported optimal gramicidin S synthetase formation. The specific productivity of the synthetases in the chemostat was higher than the highest productivity obtained in batch growth.
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The effects of different nutrient limitations on the production of the two enzymes of gramicidin S biosynthesis were studied during continuous culture of Bacillus brevis. Gramicidin S synthetases I and I1 were produced in the chemostat under carbon, nitrogen, phosphorus or sulphur limitation. The growth rate, rather than the nature of the limitation, was the major controlling factor in regulating the level of the gramicidin S synthetases. Synthetase production was low at high dilution rates (0.45 to 0.50 h-l) but increased as the dilution rate was lowered. The highest specific activities occurred at dilution rates that were different for each type of limitation: 0.40 h-l for nitrogen, 0.32 h-I for carbon, 0.24 h-I for sulphur and 0.20 h-l for phosphorus. Phosphorus limitation gave the highest specific activities. At low dilution rates (0.10 to 0.15 h-l), enzyme activities were again low. Sporulation occurred under carbon limitation, but at a lower dilution rate than that which supported optimal gramicidin S synthetase formation. The specific productivity of the synthetases in the chemostat was higher than the highest productivity obtained in batch growth.
I N T R O D U C T I O N
The enzymic formation of the decapeptide antibiotic gramicidin S (GS) has been employed as a model system by the .Massachusetts Institute of Technology Interdisciplinary Enzyme Group to explore the potential of preparative-scale cell-free synthesis (Hamilton, Montgomery & Wang, 1974; Matteo et al., 1975; Tseng et al., 1975) . GS was chosen for this project because its biochemical formation by Bacillus brevis is understood and involves only two enzymes. The studies concerned with this biochemical mechanism have recently been reviewed by Laland & Zimmer (1973) and by Lipmann (1973) .
To exploit the ability of B. brevis to produce synthetases for use in the enzymic production of GS, we first had to identify the factors regulating the appearance of the enzymes in vivo. The effect of medium composition on enzyme production during batch growth has been reported previously (Matteo ef al., 1975; . In these experiments, synthetase activities appeared for only a short time and then rapidly disappeared, suggesting that a unique set of conditions, which are favourable to GS synthetase appearance and stability, exists, but only for a very short time in the batch growth cycle. Furthermore, the sudden appearance of enzyme activity towards the end of the exponential growth phase suggested that either nutrient limitation or the growth rate was the significant variable in the establishment of favourable conditions.
Chemostat experiments offer the potential for maintaining a unique set of conditions in
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steady state as well as for focusing on nutrient limitation and growth rate as independent variables. The potential also exists for higher productivity of the GS synthetases under steady-state conditions than is observed in batch cultures where enzyme activity appears for only a short time during the growth cycle. Realization of these potentials depends on the identification of optimum conditions for synthetase appearance and stabilization, which can be accomplished in chemostat culture. In this report, we summarize our efforts to explore the correlations between growth rate, nutrient limitation and GS synthetase activities in continuous culture.
METHODS
Strains. BaciZlus brevis ATCCgggg, the producer of GS, and B a c i h subtilis ATCC605 I , the organism used for assay of GS, were maintained as spore suspensions, as previously described (Matteo et al., 1975) . All media used in shake-flask experiments were sterilized for 15 min at 125 "C. For chemostat experiments, 15 1 medium was sterilized for go min at 125 "C in a 20 1 polypropylene carboy.
Inoculum and production cultures were routinely checked for contamination by microscopic examination. In many cases, cultures were also plated out on Difco Antibiotic Medium no. 2 agar and colonies were examined for sporulation. The production of GS was confirmed by the presence of a zone of growth inhibition around each colony when the plates were overlaid with nutrient agar containing the indicator organism (B. subtilis ATCc605 I).
Batch culture. The defined medium (G2T) -which contained glycerol, (NH,),SO,, Tris buffer and inorganic salts -and culture conditions have been described previously (Matteo et al., 1975) . In certain cases (see Results), this medium was supplemented with L-amino acids at 0-1 %.
Chemostat cultures. A I 1 fermenter (400 ml working volume), as described by Cooney (1970) and modified by Fuchs (1974), was used for continuous-culture experiments. A constant temperature of 37 "C was maintained by immersing the vessel in a water bath containing a thermostat. The pH was controlled at 6-8 by adding 2 M-NaOH with a Radiometer TT I I titrator (Copenhagen, Denmark). Dissolved oxygen was maintained at 65 & 6 % saturation by controlled addition of oxygen to the air stream. Oxygen levels were detected by a galvanic probe, whose output was fed to a recorder: a microswitch, mechanically coupled to the recorder, opened a solenoid valve when the pen moved below the set point.
Air flow was maintained between 2 and 3 1 min-l at an inlet pressure of 35 kPa. The outlet air was bubbled through water to maintain a small positive pressure inside the fermenter, thus decreasing the possibility of contamination.
The basal defined medium for chemostat experiments contained (per 1 distilled water) : glycerol, 10 g; (NH,),SO,, 6 g; KH,PO, (autoclaved separately), 4-08 g ; CaC1,. 2H,O, 10.3 mg; CoCl, . 6H20, 0.24 mg; Feel,. 6H,O, 0.27 mg; MnCl, .4H,O, 9.9 mg; Na,MoO, .
2H,O, 0.24 mg; CuSO4.5H,O, 0.25 mg; ZnS0,.7H20, 1.4 mg; MgS04.7H,0, I g; and polyethylene glycol P-2000 (anti-foam agent), 0.04 ml. In each experiment, the concentration of one of the main components was decreased to growth-limiting levels, as detailed in Results.
Inocula for the continuous-culture experiments were prepared from plates containing Antibiotic Medium no. 2 , which had been inoculated with 300 to 1000 spores and incubated for not more than I 8 h at 37 "C. Tlus short period of incubation prevented sporulation on the plates. Loopfuls of bacteria were streaked on plates containing the chemostat medium with I -5 % (wlv) agar and MnCl, lowered to 6 x 10-7 M. Plates were incubated for 24 h, after which bacteria were removed with a sterile spatula, suspended in 10 mlo.03 M-potassium phosphate Gramicidin S synthetases 4 7 (pH 7-3) and introduced aseptically into the fermenter, which also contained medium that had a low manganese concentration (this prevented sporulation after transfer to the fermenter). Batch-growth conditions were maintained for 4 to 6 h, and then a medium flow was begun, which yielded a dilution rate of between 0.15 and 0.25 h-l. We confirmed that a particular nutrient was limiting growth by noting the increase in cell density (extinction) after a pulse addition of that nutrient to the fermenter. Under steady-state conditions, samples (45 ml) were taken from the fermenter at intervals of at least 20 h. At dilution rates below 0.22 h-l, we used longer sampling intervals to allow at least four culture volumes to pass through the chemostat. Samples were centrifuged (15 min at 12000g), and cell pellets were stored frozen at -20 "C. Refractile spores were counted in the phase-contrast microscope.
GS determination. GS titres of the culture were determined by an agar diffusion assay procedure (Matteo et al., 1975) .
Bacterial dry weight determination. Growth was routinely determined by measuring culture turbidity at 660 nm (&60). Samples were diluted with distilled water to give values of less than 1.0. An extinction of 2 3 was equivalent to I g bacterial dry wt/l.
Assay of GS synthetase activities. Cell-free extracts were prepared by lysozyme digestion, The enzyme activity was measured by ATP-pyrophosphate exchange, as stimulated by L-ornithine or D-phenylalanine (Matteo et al. , I 975). The activity stimulated by L-ornithine represents GS synthetase I (the ' heavy' synthetase), whereas the D-phenylalanine-dependent activity represents GS synthetase I1 (the 'light' synthetase). One unit of activity is that amount which catalyses the incorporation of I nmol of 32PPi into ATP in I min. Specific activities are expressed as unitslmg protein in the enzyme preparation. Total activities refer to units/l original culture medium.
Protein determination. The protein content of the enzyme solutions was measured by the optical method of Warburg & Christian as described by DeMoss & Bard (1957).
RESULTS

Dynamics of GS synthetases in batch culture
The appearance of GS synthetases was examined in three different media: G2T; G2T plus 0-I % L-phenylalanine ; and G2T plus L-phenylalanine, L-leucine, L-ornithine, L-proline and L-valine, all at 0.1 %. The two synthetases appeared towards the end of exponential growth, and their production seemed to be co-ordinated, i.e. GS synthetase I appeared and reached its peak specific activity at the same time as did GS synthetase 11. Both synthetases disappeared rapidly after reaching their peak specific activity. The specific growth rates (h-1) at the time of highest enzyme activity were 0*21,0.17 and 0.21 respectively for the three media. Maximum growth rates in these same media were 0-48,0-52 and 0.41 h-l respectively.
To determine whether this appearance of synthetase activity was due to exhaustion of a medium ingredient or to the low growth rate itself, we undertook the following chemostat studies.
Chemos ta t studies Carbon-limited growth. Experiments were first carried out to characterize the behaviour of the GS-synthesizing system under carbon limitation. The inflow glycerol concentration in the basal defined medium was decreased to 2 g l-l, and the effect of changing the growth rate on enzyme activities was determined. The presence of refractile spores was monitored, As the dilution rate was decreased from the maximum to 0.32 h-l (Fig. I) , steady-state enzyme activities increased to a peak of about 7 units mg-l for GS synthetase I and 4 units mg-1 for GS synthetase 11. The highest dilution rate, 0.49 h-l, was obtained during slow washout of the culture. Enzyme activities decreased as the dilution rate was lowered below 0.32 h-l. The percentage of refractile spores increased with decreasing growth rate, from less than 0.1 % at 0.32 h-l to 13.5 % at 0.16 h-l.
The specific productivity (units mg-l h-l) and the volumetric productivity (units 1-1 h-1) of the synthetases both showed a peak at 0.32 h-l. These two sets of values were derived from the actual amounts of enzyme extracted from the cells, normalized to either the protein content of the sample (specific productivity) or the volume of the sample (volumetric productivity). Specific productivity was independent of the total cell mass.
Nitrogen-limited growth. To determine whether the above behaviour was characteristic of carbon limitation or of a changing growth rate, we explored the relationship between enzyme activity and dilution rate under nitrogen limitation. The ammonium sulphate level in the medium was decreased to 0.6 g l-l, and the enzyme activities again showed a peak (Fig. 2 ) . Maximum activities of GS synthetase I (I I units mg-l) and GS synthetase I1 (8 units mg-1) occurred at a dilution rate of 0.38 h-l. Higher and lower growth rates resulted in a decrease in enzyme activities. Bacteria growing at the two highest dilution rates aggregated. Unlike the results obtained under carbon limitation, no refractile spores (less than 0.1 %) were detected.
Peak specific productivity (4 and 3 units mg-l h-l for GS synthetases I and 11, respectively) occurred at the same dilution rate as the specific activity peak. The maximum volumetric productivity also occurred at 0.38 h-l, but did not fall off as sharply as the specific productivity. This finding may reflect the increased cell density at lower growth rates, but because of the aggregation of cells in the culture, we could not determine Esso values at the . Enzyme levels, productivity and bacterial density at different dilution rates under sulphurlimited growth in the chemostat (Na2S04 at 0-02 g 1-l; all other sulphates replaced by chlorides). Symbols as in Fig. 3. higher growth rates. The decrease in cell density at the lowest tested dilution rate would not normally be expected (Tempest & Dicks, 1967) and may reflect the activity of lytic enzymes, which are common in bacilli growing at low rates (Schaeffer, 1969) .
Phosphorus-limited growth. With KHBPOB at 0.4 g I-l, growth was limited by phosphorus and, once again, enzyme activities rose to a peak as a function of dilution rate (Fig. 3) . The peak occurred at a lower dilution rate than under carbon or nitrogen limitation and the maximum specific activities (19 and g units mg-l for GS synthetases I and 11, respectively) were higher than under carbon or nitrogen limitation. Limited sporulation (3 %) was observed at 0.14 h-l. Less than 0.5 % refractile spores were observed at dilution rates of 0.19 and 0-10 h-l. As with nitrogen-limited growth, a decrease in cell density was noted at the lowest dilution rate tested and may reflect the presence of lytic enzymes.
However, the pattern of enzyme productivity obtained under phosphorus limitation was different from that under the two previous limitations. The specific productivity was fairly constant over a wide range of growth rates (about 3 units mg-l h-l for GS synthetase I and 2 units mg-1 h-l for GS synthetase II), and there was no peak corresponding to the peak in specific activity. The volumetric productivity -derived from the measured amount of extractable enzyme per litre of culture -showed a peak at a dilution rate of 0.33 h-l. This dilution rate was much higher than the rate for peak specific activity and probably resulted from the decreased amount of extractable protein per unit volume of culture grown at the lower dilution rates. Thus, the bacteria seem to become more resistant to extraction at lower dilution rates under phosphorus limitation.
Sulphur-limited growth. It was possible that carbon, nitrogen and phosphorus limitations might all be affecting the availability of compounds such as nucleotides, thereby producing similar effects. Sulphur limitation should primarily affect sulphur-containing amino acids, and was therefore tested.
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In the basal medium (NH,),SO, and MgS04.7H20 were replaced by equimolar concentrations of the corresponding chlorides. Sulphur was provided as Na,S04 (20 mg 1-l). The variation of enzyme activities as a function of dilution rate (Fig. 4) resembled the variation found under phosphorus limitation. Enzyme activities reached a peak (17 and 9 units mg-l for GS synthetases I and 11, respectively) at a dilution rate of 0.23 h-l. No refractile spores were detected at any dilution rate tested.
Specific productivity appeared to be relatively constant (4 and 2 units mg-l h-l for GS synthetases I and TI, respectively) between 0.22 and 0.32 h-l. The volumetric productivity peaked at the same dilution rate as the specific activity (0.23 h-l) and did not show a plateau.
DISCUSSION
When a bacterium is removed from one environment and placed in another, its composition changes towards an optimum physiological state, and the concentrations of various enzymes are adjusted by appropriate control mechanisms. Chemostat studies indicate that bacteria grown under different nutrient limitations have different metabolic demands and activities (Tempest, Hunter & Sykes, 1965; Tempest, Meers & Brown, 1970; Shehata & Marr, 1971; Smith & Dean, 1972; Acevedo & Cooney, 1973 Cooney, Wang & Mateles, 1976) . Thus the use of selected nutrient limitations offers a means of controlling the enzyme composition of the bacterium, and, by choosing an appropriate growth environment, the investigator can often force the cell to produce, selectively, large amounts of specific enzymes (Pardee, I 969 ; Demain, 1972 a, b) .
We examined the GS biosynthetic system to elucidate the factors controlling enzyme synthesis. Since GS has no known function in the cell, our approach was to examine the effects on enzyme synthesis of gross changes in the cellular environment. Under batchgrowth conditions (Matte0 et al., 1975) , the peak of transient activity of GS synthetases I and I1 and the timing of its appearance suggested, first, that the appearance of the enzyme was affected either by the growth rate or by the exhaustion of a specific nutrient or metabolite and, secondly, that the enzyme activity disappeared actively. This second point was supported by the observation that the decrease in enzyme activity after it had peaked was faster than could be accounted for by dilution alone.
In the chemostat steady-state enzyme levels were monitored as a function of growth rate under a number of different specific nutrient limitations. In all cases, a peak in the steadystate enzyme activity was obtained at some rate below the maximum growth rate. The particular growth rate at which the peak occurred depended on the nature of the limitation, indicating that the growth rate, rather than the specific limitation, was the controlling factor in regulating the level of the synthetases in the chemostat. The level of GS synthetases may, however, be determined partly by enzyme degradation. The mechanism of this degradation is not yet known. Preliminary experiments indicate that at least part of the inactivation in vivo is oxygen dependent and irreversible (Demain et al., 1976) . Since the net rates of synthesis in the chemostat exceed the highest enzyme specific productivity obtained in batch cultures (Table I) , it is clear that preventing enzyme degradation would be an important step in maximizing the yield of the GS synthetases.
In our studies, GS synthetase formation was independent of the ultimate appearance of refractile spores. In the chemostat, GS synthetase activities were observed under all limitations -including both nitrogen and sulphur, which did not result in spore production. When spores did appear, their concentration could be substantially diminished by increasing the steady-state growth rate, a treatment which increased the GS synthetase levels significantly. Although we were successful in producing GS synthetases in continuous culture, we did not observe production of detectable levels of GS (over 10 mg 1-l) under any limitation. This low yield was probably caused by the absence of the stimulatory amino acid L-phenylalanine ) from the medium and by the low cell density (usually less than I g dry wt 1-l). Even when the chemostat apparatus and medium were used for batch culture and the air was enriched with oxygen to increase cell growth, the chemostat medium supported GS production only to the degree of 14 mg (g dry wt)-l. Blanch & Rogers (1971) reported GS production in the chemostat, but we cannot compare our results with theirs because they used a complex medium and a non-biological assay of GS, which we did not find satisfactory.
Gramicidin S synthetases
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